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CURRENT DEVICES FOR PERCUTANEOUS LAA OCCLUSION OR EXCLUSION
As shown in the Central Illustration, as well as in (1). (B) Via transseptal access, a magnetic wire is placed inside the LAA (2). A second magnetic wire is introduced via a percutaneous epicardial approach and directed toward the magnetic wire in the LAA (3). Once both magnets are engaged, a magnetic wire bridge is created (2, 3) . Using this endocardial/epicardial magnetic wire bridge as guide rail an endocardial compliant balloon is delivered, which is inflated at the LAA ostium to mark the "landing zone" for the suture (4). Coming from the epicardial side the LAA ligation device suture-loop is inserted over the wire, placed around the LAA, and snared close to the LAA ostium above the inflated balloon (1). The suture is tightened by using a pre-tied one-way The black arrowhead points at the LAA ostium. Ao ¼ aorta; LA ¼ left atrium; LV ¼ left ventricle; PA ¼ pulmonary artery; other abbreviations as in Figure 1 . 
IMAGING MODALITIES AND GENERAL IMAGING ASPECTS IN PROCEDURE PLANNING
As described in Table 1 and shown in Figure 3 , it is useful to divide the LAA anatomically into 3 regions: 1) the ostium; 2) the neck; and 3) the lobar region.
There is broad variability in LAA morphology, a fact that complicates adequate evaluation (24) . LAA Important aspects for LAA occlusion include the correct sizing of the landing zone diameters for the selected device and the measurement of the depth and orientation of the main anchoring lobe and the number and origin of additional lobes. In >50% of patients, 2 or more lobes are present (26, 27) .
Because of the substantial variations in LAA anatomy that impact device selection and efficacy, as detailed in Table 1 , an accurate assessment of anatomic LAA characteristics is crucial before an LAA closure procedure. LAA imaging modalities used include transthoracic echocardiography (TTE), TEE, multidetector computed tomography (MDCT), and cardiac magnetic resonance (CMR).
TTE. Before an LAA closure procedure, 2D and 3D TTE is used to evaluate LA dimensions and volumes (28, 29) and left ventricular function (a risk factor for thromboembolism [30] ), and to exclude contraindications for LAA closure (e.g., patients with valvular AF) or significant valve disease requiring surgery or patients with a left ventricular thrombus or a mechanical heart valve who require chronic anticoagulation. The ostium Opening from the LA to the LAA (the ostium is usually a well-defined plane)
Generally oval in shape (26, 27) The wall around the ostium can be very thin (27) MV (27) Left upper pulmonary vein (27) A very eccentric LAA ostium may be problematic for device placement (risk of peridevice leakage) Thin wall areas increase the risk of perforation The MV or the left upper pulmonary vein may be altered by a device
The neck The ostium opens to a neck region that constitutes a tubular junction between the ostium and the lobar region
Pits or troughs and areas of thin atrial wall were found in w58% of hearts within a w21-mm radius from the ostium (27) Secondary lobes may originate close to the ostium Circumflex coronary artery (27) Left anterior descending artery (27) Sinus node artery (in w30%) (27) A severe angulation between the ostium and the neck may cause technical problems Areas of thin wall increase the risk of perforation A lobe that originates very close to the ostium may stay unsealed Coronary arteries can be at risk during LAA occlusion
The lobar region Largest and most variable distal part of the LAA 1-5 lobes may be present (26, 27) Small crevices and areas of very thin wall were found (27) The tip of the appendage overlaps the base of the pulmonary trunk, the left coronary artery, or its anterior branch and the great cardiac vein at varying levels (27) The left phrenic nerve runs along the pericardium overlaying the LAA (27) The main anchoring lobe needs to be long enough to accommodate the selected device An LAA, which is located underneath a pulmonary artery, is not suitable for a suture approach Pericardial access may potentially cause damage to the left phrenic nerve Areas of thin wall increase the risk of perforation Coronary arteries can be at risk during LAA occlusion Specific morphologies (e.g., a chicken wing morphology) may need specific implantation strategies for LAA closure
TEE. Pre-procedure TEE is the main imaging modality because the LAA cannot be definitively assessed by MDCT. MDCT acquires 3D volumetric data sets of the entire heart, which can be reconstructed by using numerous planes at different points in time during the cardiac cycle thus providing accurate assessment of LAA anatomy. MDCT accurately depicts the morphology of the LAA ostium, the perimeter of the LAA orifice, and the angle of the first LAA bend.
Measurement of the LAA ostial perimeter is the most Relationship between the LAA, the LUPV, and the MV are shown in a 3D TEE aspect (C) and in an anatomic picture (D). Lcx ¼ left circumflex coronary artery; LUPV ¼ left upper pulmonary vein; MV ¼ mitral valve; other abbreviations as in Figure 1 . The choice of an appropriate occlusion device depends on accurate measurements of the landing zone diameters. To achieve a secure and stable device position, the size of the occlusion device is usually selected to be a few millimeters larger in diameter than the measurements of the landing zone ( Table 2 ). The maximum length of the anchoring lobe has to be measured in addition (in the expected axis of the device) to ensure that this lobe has enough space to accommodate the selected device. As illustrated in Figure 4 and Table 2 Wunderlich et al.
A cone-shaped LAA is characterized by progressive reduction in dimensions from its orifice to its distal tip. A major concern with this morphology is that compressive forces transmitted by the distal LAA wall onto the closure device are more pronounced than in the proximal LAA, which can result in compressive forces that would push the device out of the LAA toward the orifice and into the LA.
The risk of device migration or embolization is therefore increased in these patients. Moreover, this may be further aggravated by the lack of trabeculations in the LAA landing zone region. When an LAA plug device is used, it has to be taken into consideration that the ostium diameter is considerably larger than the landing zone diameter in such morphologies. Consequently, the disc may be too small to seal the ostium adequately in some patients.
Finding a suitable LAA plug size can be challenging in these patients.
A chicken wing LAA morphology, characterized by an early (<20 mm from the ostium) and severe bend, is one of the most difficult anatomic variations for LAA closure. Specific implantation techniques may be necessary to achieve LAA occlusion in these cases (60) . We have found that the chicken wing morphology is generally best evaluated using the long axis TEE planes (120 to 135 ).
LAA ASSESSMENT FOR EPICARDIAL LAA LIGATION.
When LAA closure with the LAA ligation device is LAA occluder device Position symmetrically in the center of the LAA below the LAA ostium or at the ostial plane 8%-20% device compression (some recommend a higher grade of compression of 15%-30%) (10) (Figure 7 ) Fixations barbs should be in contact with the LAA wall The device should not protrude >4-7 mm beyond the LAA ostium (depending on device size as outlined in the manufacturer's instructions for use)
First generation LAA plug device Two-thirds of the lobe should be positioned distal to the circumflex coronary artery The distal part of the lobe should have the appearance of a flat tent, thus indicating some amount of compression on the lobe The disc should cover the LAA ostium with a concave appearance The flexible waist that connects the disc and the lobe should be clearly visible Fixation anchors should be engaged with the LAA wall Flexible LAA occlusion device
The hub of the occluder on the left atrial side should be located proximal to the landing zone The anchors (best visualized in fluoroscopy) should be placed w5 mm distal to the landing zone A distal contrast injection provides confidence in device position, stability, and occlusion Landing zone ¼ distal occluder margin
Abbreviations as in Tables 1 and 2 . Wunderlich et al. (marked with yellow arrows) by using TEE during follow-up (C ¼ LAA occluder device in a 2D TEE plane and a 3D TEE enface view; D ¼ LAA ligation device suture occlusion in a 3D TEE enface view; E ¼ first generation LAA plug in a 3D TEE enface view). Abbreviations as in Figure 1 .
(the jet-diameter was measured by 2D TEE with color Doppler in multiple planes; however, absence of a specified Nyquist limit represents a limitation) (5), a peridevice leak #5 mm seems to be acceptable and not associated with an increased thromboembolic stroke risk.
Correct device position is of major importance.
If an endoluminally implanted occlusion device Table 4 provides an overview of potential complications, their mechanism and incidence, and prevention and treatment strategies.
POST-PROCEDURAL ECHOCARDIOGRAPHIC FOLLOW-UP
TTE is recommended after the intervention before the patient is discharged from the hospital to confirm that no relevant device migration occurred and to exclude the development of a pericardial effusion. 
CONCLUSIONS
LAA device closure is a relatively new, but evolving treatment strategy to prevent embolic events in patients suffering with nonvalvular AF. Echocardiography, using both 2D and 3D TEE, currently represents the most important imaging tool to assess the suitability of the LAA anatomy for the procedure, for selecting the optimal device types and sizes, for guiding the LAA closure procedure in conjunction with fluoroscopy, and for follow-up imaging after device implantation.
